Abstract The influence of varying groundwater flow velocities on DNAPL infiltration and spreading behaviour was investigated by multiphase modelling using TMVOC and PetraSim. The multiphase models were calibrated by results of previously conducted laboratory experiments for the complete spatio-temporal range of the experiments. The small scale 2D scenario modelling was applied to qualify and quantify changes in position, architecture, geometry and dissolution of a TCE body in a fully saturated homogeneous sandy medium. The applied flow velocities ranging from 0.05 up to 40.00 m/day exhibited that the DNAPL TCE is affected even at the lowest flow velocity in its position, its size and its architecture. Additionally, several impermeable lenses with simple geometry were assumed in the model, to investigate the influence of stratified subsoil. In the experimental set-ups, the DNAPL body reacts more sensitive to the applied groundwater flow velocities than to the geometrical set-up of the scenarios. A possible consequence can be the transportation and displacement of a DNAPL pool due to natural or anthropogenic induced high groundwater flow velocities, as by Pump and Treat facilities, complicating site investigation process and planning of remediation activities.
Introduction
Chlorinated solvents like tetrachloroethylene (PCE) or trichloroethylene (TCE) are among the most widespread groundwater contaminants worldwide and are often released into the subsoil as dense non-aqueous phase liquids (DNAPL). Once released to the subsoil the DNAPL moves vertically through the vadose zone and the saturated zone, steered by its physico-chemical properties as high density and low viscosity. When the DNAPL encounters formations with reduced permeability it will accumulate on top of them. In cases where the DNAPL mass exceeds the entry pressure of the respective material, it infiltrates the low permeability zone. Alternatively, the DNAPL follows gravity-driven the inclination of the respective barriers, leading to complex distribution patterns of DNAPL fingers and pools in the subsoil. At site investigations of contaminated areas, DNAPLs are sometimes not only observed straight below the original surface contamination area, but also in considerable downstream direction. Possible explanations are the existence of an undocumented second point source or preferential flow paths in the subsurface due to high permeable geological layers. Additionally, transport of the DNAPL as free phase with the streaming groundwater could be possible. The identification of the exact or at least approximated position of a long-term DNAPL source zone is essential for any kind of groundwater remediation purposes, as otherwise the planning of remediation and/or containment facilities is hardly possible (Morrissey and Grismer 1999) .
Although a lot of research has been done on the topic of DNAPL migration in the saturated zone with respect to small and large scale heterogeneities (Bradford et al. 2003; Broholm et al. 2005; Dekker and Abriola 2000; Fagerlund et al. 2006a; Illangasekare et al. 1995; Jawitz et al. 2005 ; Kueper and Frind 1988; Page et al. 2007; Rivett and Feenstra 2005; Saenton et al. 2002; Bao et al. 2004) , dissolution processes (Zhu and Sykes 2000; Falta 2003; Falta et al. 2005; Fure et al. 2006; Rivett and Feenstra 2005; Li et al. 2011; Bao et al. 2004 ) and mass flux (Christ et al. 2009; Fure et al. 2006; Illangasekare et al. 2006; Jellali et al. 2003; Page et al. 2007; Soga et al. 2004) , there has to the knowledge of the authors, not yet been a distinct focus on enhanced groundwater flow velocities (v w ). The effects of v w up to 1.0-1.5 m/day in combination with heterogeneities have already been investigated with numerical simulations by several research groups. Dekker and Abriola (2000) for instance stated no significant influence on the DNAPL behaviour in the range of 0.0 \ v w \ 1.0 m/day compared to alternative dominating factors like spatial variance of permeabilities in the subsoil and spill rate of the DNAPL. Gerhard et al. (2007) investigated the controlling factors of the cessation time for movement of five different DNAPLs and concluded that groundwater flow velocities in the range of v w \ 1.3 m/day have no significant influence on the time scale for the DNAPL movement. But they determined that the position of the main DNAPL body is influenced by the ambient groundwater flow velocities up until v w B 1.5 m/day. Furthermore, they concluded that higher impacts have to be expected in the surroundings of drinking water production facilities, where the groundwater flow is artificially enhanced.
Natural groundwater flow velocities are generally considered to vary in most aquifers between a few centimetres and a maximum of 1 m/day. Although this is an acceptable assumption for most of the investigated areas in the lowlands, these values can easily be exceeded in hilly countryside or at the foothills of mountains.
In gravely aquifers at the foothills of mountains or in narrowing river valley aquifers, flow velocities of more than 1 m/day are often encountered. The river valley Glatt in Switzerland for instance is characterised by natural groundwater flow velocities of 3.5-5.0 m/day (Von Gunten et al. 1991; Hoehn and Von Gunten 1989; Hoehn and Santschi 1987) due to riverbank infiltration. The narrowing valley aquifers of Stuttgart, Germany exhibit natural groundwater flow velocities up to 5.0 m/day (Herfort and Ptak 2002) , which can reach approximately 10 m/day on a local scale due to influences of topography and morphogeology (Herfort et al. 1998) . The same factors affect the groundwater flow in Darmstadt, Germany (Greifenhagen  2000) .
Moreover, the groundwater flow velocities in these highly permeable quaternary alluvial sediments can further be increased in the surroundings of drinking water production, hydraulic containments and Pump and Treat facilities for remediation purposes. This is the case at a former industrial site in Rho, in the proximity to Milan, Italy.
The site is characterised by a quaternary multi-aquifer formation with a natural groundwater pore velocity of 1-2 m/day. The aquitard between the two aquifers of interest consists of clay and silty clay. Based on the geological investigation of the area, the aquitard is probably not omnipresent in the area, but characterised by gaps of varying size, creating hydraulic connections between the aquifers.
During an operational time of approximately 75 years, the chlorinated solvents TCE and PCE were disposed via an open basin. Groundwater sampling campaigns over the last decades revealed high concentrations of dissolved TCE and PCE in the uppermost and in the deeper aquifer. The concentration profiles suggest the occurrence of a free DNAPL phase in both aquifers. Around 2005, a Pump and Treat facility was installed, extracting from both aquifers and furthermore increasing the groundwater flow velocity.
Since the already installed remediation facilities are neither effective nor efficient regarding time and costs, the installation of a permeable reactive barrier (PRB) is considered. For the planning and installation of any PRB, the knowledge of the position of the contaminants is essential.
The working hypothesis for the field site is a transportation of the free phase DNAPL with the streaming groundwater in the uppermost aquifer to a hydraulic connection and further passage to the deeper aquifer. The possible location in the deeper aquifer is still unknown.
In this paper, which is the first in a serial about the influence of high groundwater flow velocities on the behaviour of DNAPLs, the physical principles are investigated by numerical multiphase modelling on laboratory scale.
The simulations are conducted with the multiphase modelling software TMVOC (Pruess and Battistelli 2002) via the graphical user interface PetraSim (Thunderhead Engineering 1999 -2008 on 2D small scale, calibrated by laboratory experiments. Thirteen different groundwater flow velocities ranging from centimetres per day up to several tens of metres and four different realizations of geometrical set-ups of the subsoil are investigated, resulting in a total of 28 scenarios.
The main points of interest in this first study are the qualification and quantification of the transport of a TCE DNAPL pool as a result of varying groundwater flow velocities.
Furthermore the influence of small scale heterogeneities is investigated as well as the changed geometry of the free phase DNAPL body in the saturated zone, since dissolution behaviour and therefore mass flux are directly dependent on the orientation and the geometry of a NAPL pool within the saturated zone, as investigated by Sale and McWhorter (2001) , Fure et al. (2006) and Miles et al. (2008) .
These small scale investigations will give a first approximation for the behaviour of DNAPLs at the real field site in Italy, at geological-hydrogeological similar field sites and for hydraulic flushing scenarios.
Methodology

Calibration model
Laboratory experiment for computer model calibration
The primary data set for the calibration of the multiphase model was provided by Luciano et al. (2010) , who conducted the laboratory experiments. The documented spreading behaviour of the DNAPL in the experiments was used to identify the scaling parameters of the multiphase formulations of the relationships of capillary pressuresaturation (P c -S) and relative permeability-saturation (k r -S), two primary controlling factors for the spreading behaviour of NAPLs (Dekker and Abriola 2000; Pankow and Cherry 1996; Fagerlund et al. 2006b; Chang et al. 2009 ). The tank experiment measured 1.33 m 9 0.12 m 9 0.70 m (L 9 W 9 H) and was filled with coarse glass beads (SAND1) up to a height of 0.50 m (Table 1) . Two low permeable lenses of fine grained glass beads (SAND2) were installed at different heights within the coarse-grained stratum (Fig. 1) .
Via a fixed hydraulic head in the inflow chamber and an adjustable overfall weir at the outflow chamber groundwater pore velocities (v w ) of 0.00, 21.25 and 40.86 m/day were obtained.
HFE-7100 (3M 2005) was used as DNAPL substitute, because it features similar physico-chemical properties as TCE (Table 2 ) and is well established as non-toxic alternative to TCE in laboratory experiments (Lee et al. 2004) .
A total amount of 2 l (3.05 kg) of dyed HFE-7100 was infiltrated below the water-table with a constant entry pressure. The spatio-temporal spreading behaviour of HFE-7100 in the laboratory tank was photo documented for each flow velocity at predefined time steps and processed via an image analysis procedure. Thus, it was mapped only visually, since the measurement of saturation profiles is extensively time and cost consuming and for this investigation of minor interest. Saturation profiles are essential for investigations regarding the mass flux and longevity of source zones, but the focus of this investigation is on the position of source zones, in order to improve site investigation and planning of remediation facilities.
For additional details concerning the set-up, the analysis and the applied boundary conditions the reader is referred to Luciano et al. (2010) .
Calibration of the computer model
The size of the calibration model within TMVOC was 1.00 m 9 0.12 m 9 0.60 m (L 9 W 9 H), corresponding to the volume of the laboratory experiment filled with glass beads, having a resolution of 75 cells in length, 1 cell in width and 44 cells in height and creating a 2D model domain of 3,300 cells. The resolution was refined from 4 to 1 cm 2 in the surroundings of the low permeable lenses and the infiltration point (Fig. 2) .
The geometry of the lab experiments was rebuilt in the model regarding the geometry of infiltration point and low permeable lenses, applying the physical properties of the two types of glass beads (cp. Table 1) .
The model was initialised as fully water saturated with first order boundary conditions regarding hydrostatic pressure and water saturation for the inflow (left side) and the outflow (right side) of the model domain. The top and the bottom of the model were defined as impermeable, implying a confined aquifer although the laboratory experiments were unconfined. These simplifications were chosen since the simulation and calibration of the capillary fringe is excessively runtime consuming and since the DNAPL infiltration in the laboratory experiments took place below the water-table. Thus, the vadose zone had no effect on this investigation and could be neglected for the simulations.
The location of the infiltration point, the amount of the infiltrated DNAPL HFE-7100, the infiltration rates (kg/s) and the observation times corresponded to the measurements in the laboratory experiments and are listed in Table 3 . The enhanced infiltration of the DNAPL in the laboratory experiments with increasing groundwater flow velocities already shows the influence of the streaming water on the DNAPL body and is analysed in Luciano et al. (2010) . Different sets of functions for P c -S and k r -S functions were tested regarding their accuracy in simulating the spreading behaviour of the DNAPL as well as their applicability, roughness and runtime performance. Due to best performance and most accurate results, Parker and Lenhard's three-phase formulation of P c -S (Parker and Lenhard 1987 ) and Stone's three-phase formulation of k r -S (Stone 1970) were finally chosen. Both formulations are originally for the three-phase system water-gas-NAPL, but can easily be adapted to the two-phase system water-NAPL. The scaling parameters of the chosen formulations were iteratively fitted from provided literature values (Pruess and Battistelli 2002; Falta et al. 1995) to the documented spreading behaviour of all the laboratory experiments, thus that one set of parameters fitted the DNAPL behaviour at all flow velocities at the same time. The fitted parameters are listed in Table 4 , with S wr being the residual water saturation, S nr the residual NAPL saturation, S gr the residual gas saturation, and n, a gn and a nw as scaling factors.
Scenario modelling
The calibration model was used to investigate additional scenarios that were not investigated in the laboratory experiments. Therefore, the calibration model was adapted in its size, resolution and geometrical set-up for the scenario modelling to avoid any interaction of the DNAPL with the model boundaries. The specific values are listed in the description of the different scenarios. The material properties, the boundary conditions and the amount of injected DNAPL were identical to the parameters of the calibration model, but the simulations were performed using TCE instead of HFE-7100.
The infiltration point was set to the coordinates X = 2.50 m and Z = 0.42 m. For the highly permeable areas the physical properties of SAND1 were applied (cp. Tables 1, 5). For the layered scenarios a new material was introduced, reflecting impermeable clay, named IMPER.
In the models a total amount of 3.05 kg of TCE was infiltrated at a constant rate over 6,000 s. After 6,000 s the TCE infiltration was deactivated in order to observe the spreading behaviour of the DNAPL body after removal of the original source zone for additional 5 h, resulting in an overall simulation time of 6.67 h. The spatial distribution of TCE as DNAPL body was analysed at 14 predefined time steps for all applied flow velocities. The size of the DNAPL body was defined by the area with a saturation of TCE (S TCE ) higher than the residual saturation (S TCE r [ 0.1). Any flow induced changing in the position of the pooling DNAPL on the bottom of the model domain was defined as displacement, compared to the position of the pool in the base case scenario without groundwater flow. The starting position of the pool was defined by the first left-hand/upstream cell on the bottom of the model domain, which encounters DNAPL saturation of S r [ 0.1. Furthermore, the changes of occupied area were analysed for the homogeneous scenario in order to approximate the potential changes in contaminated soil volume. The occupied area in the base case scenario corresponds hereby to a percentage of the area of 100%.
Homogeneous scenarios
In order to investigate the influence of the groundwater flow velocity on the DNAPL behaviour, a homogeneous model only consisting of SAND1 was created. The domain was set to 5.00 m 9 0.12 m 9 0.60 m (L 9 W 9 H = X 9 Y 9 Z) and 10.00 m 9 0.12 m 9 0.60 m, respectively, depending on the applied flow velocities. Discretization was defined as 90 cells and 140 cells, respectively, in length, 1 cell in width and 30 cells in height, with a high resolution zone from X = 2.0 to 3.0 m, resulting in refined cell sizes of 0.02 m 9 0.02 m in the surroundings of the infiltration point. Thirteen different pore velocities were applied to the model, including 0.00, 0.05, 0.10, 0.25, 0.50, 0.75, 1.00, 2.00, 2.50, 5.00, 10, 20 and 40 m/day covering the whole range of the calibration model.
The spatial distribution of TCE was analysed regarding five different features: (1) inclination of the percolation path, (2) position of the pooling DNAPL on the bottom of the model domain, (3) length of pooling DNAPL, (4) maximum contaminated area and (5) maximum saturation of the TCE phase in comparison to a base case scenario without groundwater flow.
Layered scenarios
The dimensions of the layered scenarios were 10.00 m 9 0.12 m 9 0.60 m (X 9 Y 9 Z), based on the size of the previous experiments. The domains were discretized in 140 cells in length, 1 cell in width and 60 cells in height, resulting in general cell sizes of 0.10 m 9 0.01 m with a high resolution zone from X = 2.0 to 3.0 m with a cell size of 0.02 m 9 0.01 m.
Three different geometrical set-ups (Fig. 3) were investigated, constructed by SAND1 and IMPER (geometries A-C).
Based on the results of the homogeneous scenarios, only five pore velocities of water (0, 5, 10, 20 and 40 m/day) were investigated for each geometrical set-up regarding the position and the length of the DNAPL pool on the bottom of the model as well as the maximum contaminated area.
After using a resolution of millimetres for the data analysis in the homogeneous scenarios in order to identify even smallest changes at low flow velocities, the scale was changed for the layered simulations to centimetre scale. Since the differences between the different layered scenarios are in the range of centimetres instead of millimetres as in the homogeneous settings, this simplification seems acceptable. A rerun of selected homogeneous scenarios (results not shown) with refined discretization showed no significant difference in the distribution and the behaviour of the DNAPL, thus the scenarios were comparable even with differing discretization.
Results and discussion
Calibration model
The computer model was calibrated for all three pore velocities of the laboratory experiments at every documented time step, thus fitting with one calibration-set the complete spatio-temporal behaviour of the DNAPL at the whole range of 0.0 \ v w \ 40.0 m/day. The results of the calibration process are illustratively shown for v w = 21.25 m/day at T = 3,690 s (Fig. 4) .
In general the results of the simulations regarding position and spreading behaviour of the DNAPL over time correspond well to the laboratory observations. However, there are small differences between the results of the laboratory experiments and the model calibration. For example, the DNAPL in the simulation passes the first lens in larger amounts on the upstream side, thus resulting in lower DNAPL saturations in the downstream area.
Such differences can be explained firstly by the fact that porosity and permeability of the coarse grained glass beads in the model are homogeneously distributed, while in reality there are always small scale heterogeneities due to the filling process of the tank, creating preferential flow paths within the medium. Secondly, between experiment and simulation there are small differences in the geometry of infiltration point and fine sand lenses due to the discretization of the model, influencing the distribution of the DNAPL. Thirdly, it is possible that the DNAPL within the laboratory experiments is distributed irregularly over the tank width, while in the 2D model there is no distribution in width. Moreover, small differences are created by the interpolation of the results to the model domain. However, considering all the time steps and experimental set-ups, there is a good agreement between observations and simulated results with respect to DNAPL distribution in dependency of high groundwater flow velocities.
After calibrating the model with HFE-7100 a verification run using TCE in same amounts and at same boundary conditions was performed. The results of the TCE simulations showed no difference in the spatio-temporal distribution of the DNAPL body to the documented spreading behaviour of HFE-7100, thus the calibration was also valid for TCE.
Homogeneous scenario
The simulations ranging from v w = 0.05 to 40.00 m/day revealed that even lowest groundwater flow velocities affect the movement and position of a DNAPL body in the saturated zone (Table 6 ). However, the simulated impacts on the geometry and position are relatively small in the model as long as flow velocities of 5.00 m/day are not exceeded. Higher flow velocities significantly affect the movement and position of TCE. The obtained results are illustratively described for the highest groundwater flow velocity of 40.00 m/day, where changes are most prominent ( Fig. 5) :
At flow velocities of 40.00 m/day the percolation path of TCE is inclined by an average angle of 18.57°to the downstream direction, resulting in a displacement of the pool at T = 6,000 s of 0.51 m to the outflow. While at no flow conditions (base case scenario) the DNAPL pool starts 0.64 m left (upstream) of the infiltration point, it begins only 0.13 m upstream at v w = 40.00 m/day. At T = 24,000 s, the displacement reaches 1.45 m in downstream direction.
Moreover, the DNAPL pool is enlarged to a length of 399.2 cm at v w = 40 m/day, while it covers only 293.3 cm at v w = 0 m/day. Meanwhile the area with S TCE [ 0.1 is reduced by 26.45% compared to the no flow base case scenario, because of enhanced dissolution processes and higher amounts of dissolved TCE in the aqueous phase. At the end of the simulation time, the maximum DNAPL saturation decreases to S DNAPL v w ¼ 40:00 m=day ð Þ ¼ 0:33 compared to S DNAPL(base case) = 0.43.
Two different aspects of the groundwater flow velocity influence the spatial distribution of the DNAPL. The first factor is the kinetic force and thus the hydrodynamic pressure of the streaming water.
While the DNAPL infiltrates the subsoil, the potential area for water flow is reduced. Thus, the groundwater flow velocity is enhanced the deeper the DNAPL migrates. The hydrodynamic pressure of the streaming water pushes and transports the DNAPL within the porous medium in downstream direction, hinders upstream spreading against the hydrodynamic pressure gradient and leads to a thinning and an elongation of the pool: DNAPL in high hydrostatic pressure zones, e.g. upstream face and top of the DNAPL pool, will be transported along the hydrostatic pressure gradient. DNAPL reaching low hydrostatic pressure zone, e.g. the end of the DNAPL pool, will accumulate at the end of the pool, where the influence of gravity exceeds the influence of the hydrodynamic pressure.
The second aspect influencing the spatial distribution is the enhanced mass flux (M) of TCE dissolved in groundwater (C TCE,dissolved ) with increasing flow velocity:
with q w being the Darcy flow velocity and A the contact area between water and NAPL. Enhanced dissolution processes increase mass transfer from the source zone to the aqueous phase, resulting in a smaller source zone. Since the dissolution processes are highest at the upstream side and edges of the DNAPL body, Table 6 Impacts of groundwater flow velocities on DNAPL distribution in the saturated zone at T = 24,000 s (Erning et al. 2010) Groundwater flow velocity (m/day) where concentration gradients are highest (Sale and McWhorter 2001) , upstream positioned DNAPL will dissolute faster, enhancing the apparent visual effect of lateral displacement in downstream direction. As TMVOC is only able to calculate dissolution of DNAPL phase assuming instantaneous solution and saturation up to maximum solubility, the mass transfer rate in the model is enhanced by increased groundwater flow velocities and therefore probably overestimated at high groundwater flow velocities. Effects of displacement processes and of enhanced dissolution processes are intermingled and hard to distinguish at low flow velocities, while at high flow velocities, the displacement processes dominate in these set-ups, in the homogeneous as well as in the layered scenarios.
Layered scenarios
A short graphical overview of the simulation results for the layered settings is given in Fig. 6 , showing the end of the infiltration process (T = 6,000 s). The results are illustratively described for the base case scenario and for the effects of v w = 40.00 m/day.
In the base case scenario (NoLay_0m/d), TCE percolates vertically through the homogeneous environment and pools symmetrically to the left and to the right of the infiltration point. In the symmetrical setting A, the percolating DNAPL spreads at v w = 0 m/day evenly to both sides of the upper impermeable lens as well as on the following ones, resulting in a wider percolation path. Considerable amounts of TCE are stored as smaller pools on top of the lenses, resulting in a reduced mass reaching the bottom of the domain at T = 6,000 s and thus a reduced and shortened pool.
The setting B influences the percolation path only slightly for v w = 0 m/day. The main TCE mass passes the lenses on the left side and only minor amounts are stored on the lenses.
In the set-up C, the DNAPL proceeds the lenses nearly equally distributed on the left and right side, forming two pools on the bottom of the domain at T = 3,300 s, which merge to one pool at T = 3,750 s.
Applying enhanced flow velocities, Fig. 6 illustrates that the percolation paths are generally inclined to the downstream area of the infiltration point. This leads to preferential flow paths regarding the passing of the lenses. At flow velocities of 5 \ v w \ 20 m/day, the main DNAPL body passes the lenses at the downstream (right) side with smaller amounts still migrating on the upstream side of the lenses.
At flow velocities of 40 m/day, small amounts of TCE pass only in setting B on the upstream side of the lenses, while in settings A and C the complete percolation path is shifted to the downstream area of the infiltration point.
The flow enhanced preferential flow paths lead to different positions and lengths of the DNAPL pool at the bottom of the model domain at later time steps. The range of the displacement regarding starting position and length of the TCE pool at the aquifer base depends on the applied groundwater flow velocities and geometries (Fig. 7) .
In the base case scenario (NoLay_0m/d) the DNAPL pool at the bottom of the model domain starts at As observed, the starting position and the length of the DNAPL pool vary with alternating flow velocities and with alternating geometries. Nevertheless, the same starting positions and the same length of the DNAPL pool can be obtained by different combinations of flow velocity and geometry, complicating the identification of the more sensitive factors influencing the DNAPL pool distribution.
In order to distinguish between influences of groundwater flow velocity and influences of the applied geometrical set-up, the results of the scenarios were classified into two categories:
1. Position and length of TCE pool for one given flow velocity, analysed for all applied geometries, for instance v w = 0m/d & all geometries (four scenarios for each v w ), 2. Position and length of the TCE pool for one given geometry, analysed for all applied flow velocities, for instance NoLay & all v w (five scenarios for each geometrical set-up).
Due to the excessive runtime of the simulations, their number has been restricted and an application of comprehensive statistical analysis is limited. The range and the variance of the different scenario set-ups is illustrated by applying standard statistics as median, 25th quartile and 75th quartile, minimum and maximum values via boxwhisker-plots calculated with Grapher 7.0 (Golden Since the data density is sparse, whiskers and quartiles are often the same value as well as median and quartiles (Fig. 8) .
The range of differences in the start position of the DNAPL pool due to varying applied geometrical set-ups comprises 0.18-0.42 m, while the interquartile range (IQR) covered due to influences of applied v w varies between 1.08 and 1.50 m. This illustrates that the DNAPL pool is stronger influenced in its position by the streaming groundwater than by the lenses of the scenarios.
Investigating the overall pool length of the different scenarios, the influence of the geometrical set-up causes variances of the range of 0.18-0.42 m, while the groundwater leads to a span of the range of 1.08-1.50 m.
Comparing the differences in the IQR of the pool position due to the layering of the subsoil (max. ±0.42 m) with the differences due to enhanced groundwater flow (max. ±1.50 m), it becomes prominent, that the DNAPL pool reacts more sensitive to changes in groundwater flow velocity than to changes in the here applied layering of the subsoil. The same trend is observed for the pool length.
Nevertheless, it has to be emphasised that this sensitivity analysis is strictly restrained to the here applied geometrical set-ups and flow velocities. By the conducted scenario modelling it is not yet possible to give a universally valid classification. Moreover, it will have to be investigated for each case separately, due to the huge variances in natural soils and in occurring groundwater flow velocities, including any spatio-temporal variances on small and large scale.
Conclusions
Homogeneous scenario
In the applied model set-up, the DNAPL body is even affected by groundwater flow velocities of v w = 0.05 m/day in its position, its size and its geometrical structure.
Although the displacement of the DNAPL pool is in the range of some centimetres in the small scale 2D models for v w \ 1.0 m/day, it seems not to be significant. This would be coherent with the investigations performed by Dekker and Abriola (2000) , which conducted their investigation on a 2D scale of 10 m length and 5 m depth. But transferring the results to field scale problem, it should be investigated more closely. Assuming the same geological setting as in the simulations, the inclined percolation path could lead for 1.0 \ v w \ 40.0 m/day to a first occurrence of the DNAPL pool on the bottom of the aquifer of 0.4-16.0 m in downstream direction. Combining this with the displacing and conveying effects of the streaming water, which affect the latter pooling DNAPL body, a TCE pool could theoretically be transported approximately 5.4 km in downstream direction at v w = 1.0 m/day. Of course, this range will be diminished in a natural setting significantly, via pooling effects in small depressions, inclined impermeable layers, dissolution processes, entrapment in residual saturation, sorption processes, irregular flow fields, and small scale heterogeneities, as observed in the laboratory experiments. But the theoretical magnitude of these extrapolated values exhibits, that the process has also to be expected on a large scale even at low groundwater flow velocities and should be investigated further, being coherent with the recommendations of Gerhard et al. (2007) .
Increasing the groundwater flow velocity to values typically encountered in aquifers influenced by artificial activities, e.g. Pump and Treat and drinking water production, or in narrowing alluvial aquifers in the foothill of mountains (v w [ 1.0 m/day), the impact of groundwater flow velocities significantly affects the DNAPL behaviour during and after the infiltration. The effects are an inclined percolation path, and a thinned and displaced DNAPL pool. Possible consequences for field sites with high groundwater flow velocities will be a shifted position within the aquifer, possible new flow paths, a changed geometry of the DNAPL source zone and as a result a changed dissolution behaviour and thus a modified longevity of the DNAPL source zone.
Layered scenarios
In the chosen highly permeable medium, the position and length of the DNAPL pool is more sensitive to the applied flow velocities of 5.0-40.0 m/day than to the spatial positions of the impermeable lenses.
Generally, the pool migrates at high groundwater flow velocities (v w C 5.0 m/day) less in upstream direction but predominantly in downstream direction.
Flow velocities of 10.0 m/day and higher can elongate a DNAPL pool by approximately 30% regardless of the applied geometry of these set-ups and transport it in the downstream direction of the original contamination source zone.
The applied geometries enhance the displacement of the DNAPL pool by 10-29% compared to the respective homogeneous scenarios. But different realizations regarding flow velocity and geometrical set-up can cause the same results regarding length and position of the DNAPL pool, complicating the determination of sensitive parameters.
However, the length of the impermeable layers (0.18 m) of the chosen set-up is small compared to the overall length of 10.00 m of the model domain. Introducing longer capillary barriers would lead to a stronger influence of the layered subsoil regarding the position of the TCE pool on bottom of the aquifer.
Moreover, the studies revealed that the amount of fingering is significantly reduced at high groundwater flow velocities, since the higher the groundwater flow velocity the lower the probability for DNAPL passing a lens on the upstream site. This would be important for sites characterised by hydraulic connections between several aquifers, e.g. in upstream direction of the industrial area, and for estimating the contaminated soil volume.
Additionally, a higher amount of the TCE is stored in the pool on the bottom of the model domain instead of remaining on impermeable layers on the percolation path. This will strongly influence the mass transfer and dissolution rates of the DNAPL body. Two intermingled aspects are the reason for these geometrical effects on the DNAPL architecture: firstly, the transportation effects of the streaming water, pushing the DNAPL in downstream direction, and secondly the higher mass transfer rate due to the higher groundwater flow velocities, which dissolves the percolation paths faster than the DNAPL pools (Sale and McWhorter 2001; Parker and Park 2004) .
Transferring the results of the small scale simulations to a field scale problem and assuming the same material properties as in the models, it should be expected that the main body of a DNAPL contamination will not be in close proximity to the original infiltration point at flow velocities of v w C 5.00 m/day, but rather in the downstream area of the surface source zone depending on the elapsed time since the spilling accident. Assuming a 50 m deep aquifer with groundwater flow velocities of 5-10 m/day the main DNAPL body would reach the bottom of the aquifer not directly below the aboveground contamination source zone. Instead, it would reach the bottom approximately 5 m in downstream direction due to the inclined percolation path induced by the high flow velocities. The first occurrence on the bottom of the aquifer in 50 m depth would only slightly be influenced by the geometrical setting of the lenses on the site scale, if the relative length and position of the lenses are similar to the relation of the experimental set-up. From this starting position the DNAPL then migrates with the groundwater as described for the homogeneous settings.
Encountering multiple aquifer formations at a field site, any position of hydraulic connections in the downstream area have to be taken into account for site investigation. Even at considerable distances to the surface contamination point, the DNAPL could reach the hydraulic window due to high groundwater flow velocities and be displaced through the interconnection to a deeper aquifer. In forming a secondary, deeper source zone, it may hardly or not be accessible for existing remediation facilities at a site. This may be of vital importance when designing site remediation and containment facilities in order to prevent displacement and spreading of the contaminant to a larger area or to a deeper aquifer. On the other hand, hydraulic connections in the upstream area of the contamination source will be of minor importance the higher the groundwater flow velocity in the aquifer is as long as the aquitard are planar and horizontal. The existence of tilted impermeable layers could though dominate the DNAPL flow behaviour even at high flow velocities.
Summary conclusions
The homogeneous and layered scenarios revealed that a DNAPL body can be transported spatio-temporally within a homogeneous or layered stratum even at groundwater flow velocity of 0.05 m/day. High groundwater flow velocities will change the geometry, the architecture and mainly the position of a TCE source zone significantly. This leads to a direct impact on the dissolution behaviour, the mass transfer rates and thus the longevity of a DNAPL contamination. Especially in areas with high natural groundwater flow velocities, the impacts will be numerous. Altered positions of the source zone, changed flow paths, percolation to deeper aquifers could all be consequences of high groundwater flow velocities, complicating site investigation and remediation. Possible influences of artificially enhanced groundwater flow velocities, either by Pump and Treat or by drinking water facilities, on a stationary DNAPL source zone still has to be investigated.
Further prospects
As next step, a dual approach of scenario and field site modelling of Rho, Italy, will be conducted. The scenario modelling will include large scale simulations of real site materials with simplified geometrical set-up, adapted from the real field site. Different scenarios with variations in contamination mass, spill time period, groundwater flow velocities and heterogeneous material distribution will be performed.
